INTRODUCTION
During an earthquake, the uplift force acts on the piles under high-rise buildings. Belled and multi-belled piles have been used to increase the uplift and the bearing capacity of foundations. They are cast-in-place concrete piles with one or a plural number of enlarged projections that are built in the bearing stratum and the middle hard layer ( see Fig. 1 ). Figure 2 shows photographs of the special buckets used to build the projections, namely, the middle and the bottom projections, of a multi-belled pile constructed to execute control tests. However, a design method for the uplift resistance of belled and multi-belled piles has not yet been established, because it is unclear how the uplift resistance of soil is induced. Therefore, several axial tensile load tests have been conducted in many studies to ascertain the design method. From these load tests, several methods to practically predict the uplift capacity of belled piles have been proposed by Tsutsui et al. (1995) and Chatani et al. (2008) . Most of them suggest a design to estimate the lowest value of skin friction in the belled piles that was measured in the axial tensile load tests. However, the methods frequently underestimate the uplift capacity of belled piles. In addition, little is known about whether or not the methods can be applied to the uplift capacity of multi-belled piles. In contrast, the uplift resistance of anchor plates has been theoretically studied by many researchers (Balla 1961 ; Meyerhof and Adams, 1968 , among others). Rowe and Davis (1982) investigated the eŠects of anchor embedment, the friction angle, dilatancy, initial stress state K0, and anchor roughness for anchor plates using an elastoplasticˆnite element analysis, and proposed the factors accounting for these eŠects. Murray and Geddes (1987) showed that the theoretical solutions obtained from an equilibrium analysis, a lower bound limit analysis, and an upper bound limit analysis could produce good agreements with the experimental results of pullout tests on anchor plates in dense sand. Kumar (2003) proposed a theoretical solution for the uplift capacity of anchor plates in two-layered sand by an upper bound limit analysis. Meriˆeld and Sloan (2006) conducted a numerical limit analysis on the pullout capacity of horizontal and vertical anchor plates, and compared them with numerous theoretical solutions. Dickin and Leung (1990) attempted to apply the theoretical solution for anchor plates to the uplift capacity of belled piers in a centrifuge model. They showed that the uplift capacity of belled piers was lower than that of anchor plates. Dickin and Leung (1992) conducted many pullout tests on belled piers using centrifuge models, and proposed an empirical design method wherein appropriate factors that account for the foundation geometry of belled piers are applied to an anchor formula. Thus, the theoretical solution for anchor plates cannot be directly applied to the uplift capacity of belled and multi-belled piles, because anchor plates are horizontal and are used in shallow foundations, whereas belled and multi-belled piles under high-rise buildings have sloping surfaces and are used in deep foundations. This study evaluates the uplift capacity of belled and multi-belled piles embedded in dense sand as a deep foundation. Belled and multi-belled piles in loose sand are not examined because belled piles are rarely constructed in loose sand.
The distinct element method (Cundall, 1971 ) is a powerful tool for simulating large and discontinuous soil deformations. A two-dimensional distinct element (DE) analysis can directly reproduce the interaction between the soil and the pile surface, which is often di‹cult to do withˆnite element methods. In this study, a DE analysis of pullout tests on single piles was conducted to investigate the uplift resistance of piles, the soil behavior around the piles, and the interaction between the soil and the pile surface.
In the DE analysis, two types of disks were used, namely, circular disks and cluster disks, formed from two circular particles. Before starting the simulation of the pullout tests, the mechanical properties of the aggregates comprising the circular or the cluster disks were evaluated from simulations of direct and simple shear tests to identify the friction and the dilatancy angles in the aggregates and on the pile surface. Four kinds of piles were tested in the pullout tests on single piles, a straight pile, a belled pile, and two multi-belled piles. In addition, a theoretical solution to predict the uplift capacity was obtained from an upper bound limit analysis based on soil movements in the DE analysis. The theoretical solution was compared with the results of the DE analysis, centrifuge model tests, and full-scale tests conducted in situ.
MECHANICAL PROPERTIES OF AGGREGATES
Two types of disks were used in the DE analysis to investigate the in‰uence of the mechanical properties of soil on the uplift capacity of single piles. Figure 3 illustrates the shapes of the circular and the cluster disks used in the DE analysis. The cluster disks were formed from two circular particles with diameter``b'' and size``a'' in the long axis. The ratio in length of the short axis to the long axis was 0.7 for all disks. The circular and the cluster disks have the same grain size distribution curve, which is plotted in Fig. 4 . Table 1 shows the numerical parameters used in the DE analysis.
Before starting the simulation of the pullout tests on the single piles, direct and simple shear tests under constant pressures were reproduced to evaluate the mechanical properties of the aggregates comprising the circular or the cluster disks, as shown in Fig. 3 . The direct shear tests directly give the friction and the dilatancy angles of the aggregates on failure lines. The mechanical properties obtained from the simple shear tests are useful for evaluating the interaction between the soil and the pile surface for the upper bound limit analysis described in a subsequent chapter. Schematic diagrams of the models in the direct and simple shear tests are presented in Fig. 5 . The models were 100 mm in both width and height. The top and bottom boundaries of the models had a friction angle of 409 . The side walls in the direct shear tests had no friction. Repeated boundaries were used for the right and left boundaries of the simple shear tests. In the packing of the disks, the friction angle for the disk-to-disk was temporally decreased from 409to 109to achieve a dense condition. The disks were randomly arranged and compressed at vertical pressures of 100, 200, 300, and 400 kPa. The models were sheared after the friction angle was reset to 409 .
Figures 6 and 7 show the mobilized friction angles, qmob＝tan -1 (t/sn), and the vertical displacements against the shear displacements in the direct and simple shear tests using the circular disks. The diŠerence in vertical pressure hardly aŠected the mobilized friction angle or the vertical displacement. In the direct shear tests, strain softening was remarkably observed after the mobilized friction angle reached about 289at the peak strength, and then it decreased to about 229 . The vertical displacement due to dilatancy gradually increased until the strength dropped to the residual strength. Once the strength reached the residual strength, the vertical displacement did not change, because the soil attained the critical state. From the initial gradient of the vertical displacements against the shear displacement, a dilatancy angle of about 279was obtained. In the simple shear tests, the mobilized friction angles and the vertical displacements were remarkably smaller than those in the direct shear tests, and the shear displacement at the peak strength was larger than that in the direct shear tests. The friction angles at the peak strength in the simple shear tests were about 199 , and a dilatancy angle of about 8.49was obtained. This must be because the disks easily slipped along the top and bottom boundaries in the simple shear tests. Figures 8 and 9 show the results of the direct and simple shear tests using the cluster disks. The curves of the mobilized friction angles and the vertical displacements against the shear displacements in both tests were very similar to those using the circular disks. However, their values were larger than those in the cases using the circular disks. In the direct shear tests, the friction and the dilatancy angles at the peak strength were 379and 339 , respectively. In the simple shear tests, the friction and the dilatancy angles were 279and about 129 , respectively.
Theˆnal deformations in the direct and simple shear tests under the vertical stress of 400 kPa are illustrated in Figs. 10 and 11. The shear deformation in the direct shear tests was concentrated in the gap between the top and bottom boxes. The shear deformation in the simple shear tests was predominant around the top and bottom boundaries, since the disks easily slipped. Accordingly, this is why the friction and the dilatancy angles in the simple shear tests were smaller than those in the direct shear tests. In the simulation of the pullout tests on single piles, the pile surface was also reproduced by the same bound- aries as the top and bottom boundaries in the simple shear tests. Therefore, it might be assumed that the disks on the pile surface also slip easily, and that the mechanical properties of the disks on the pile surface are similar to those in the simple shear tests.
To sum up the results of the direct and simple shear simulation, the mechanical properties of the aggregates with the circular or the cluster disks were almost the same in quality, although they were quantitatively diŠerent. The friction and the dilatancy angles on the boundaries, such as the pile surface, are assumed to be signiˆcantly lower than those in the soil. Table 2 summarizes the mechanical properties obtained from the simulation of the direct and simple shear tests.
PULLOUT TESTS ON SINGLE PILES
Two series of pullout tests on single piles were conducted in the DE analysis. One case used the circular disks, while the other used the cluster disks, as shown in Fig. 3 . Four kinds of single piles were tested in both series. Figure 12 presents the schematic diagrams of the single piles in prototype scale. Case 1 was a straight pile with a diameter of 1.4 m; Case 2 was a belled pile with diameters of 1.4 m in the shaft and 2.5 m at the base; Cases 3 and 4 were multi-belled piles with diameters of 1.4 m in the shaft and 2.5 m in the projections-they were diŠerent in terms of the distance between the upper and lower projections. The total length of the piles was 23.5 m. The inclinations at the upper and lower surfaces in the projections were 129and 459 , respectively. The pile surface had the same friction angle of 409as the top and bottom boundaries used in the simulation of the simple shear tests. As an example, the numerical model that has half a cross section in Case 4 is shown in Fig. 13 . The piles were reproduced as a rigid body with a self-weight of about 425 kN/m in unit depth. The DE analysis of the pullout tests on the single piles was conducted in a 50-times gravitŷ eld (50 G) using miniature models with a scale of 1/50. The reasons for this are to use the same circular and cluster disks as those used in the simulation of the direct and simple shear tests and to reduce the number of disks for minimizing the calculation time. The similarity rule in the DE analysis is the same as that in centrifuge model tests. The simulation was conducted in the following manner:
(i) All the disks with a disk-to-disk friction angle of 109were randomly arranged in the analyzed area. (ii) An acceleration of 50 G was applied to all the disks, and then the model ground was compressed by the self-weight of the disks to yield a dense condition. (iii) After the friction angle in all the disks was reset to 409 , the disks that overlapped with the area of a single pile were removed; then the single pile with self-weight was inserted. (iv) The pile was pulled out at a constant rate of 5 mm/sec up to the uplift displacement of 500 mm in the prototype scale.
The uplift resistance of the piles was calculated by integrating the increment of downward forces induced by the contact forces between the disks and the pile surface. Figures 14 and 15 show the uplift resistances against the uplift displacements of the piles in the series using the circular or the cluster disks. In theseˆgures, a sudden reduction in uplift resistance repeatedly occurred. The reason for this is that the skeleton of the disks' structure collapsed locally and the uplift resistance suddenly decreased. This is a particular phenomenon in twodimensional DE analyses. The straight pile in both series showed yielding at the lowest value of uplift resistance. The uplift resistance of the straight pile did not increase just after yielding, but maintained the resistance of about 1200 kN/m. In contrast, the belled and multi-belled piles showed a gradual increase in uplift resistance after the yielding occurred at the uplift resistance of about 1200 kN/m. The stiŠness of the belled and multi-belled piles in the initial gradient of the uplift resistance was slightly larger than that in the straight piles. It can be said from this that the uplift resistance isˆrstly induced by the skin friction, and that the eŠects of the projections in the belled and multi-belled piles then develop after a certain uplift displacement. The multi-belled piles showed the highest stiŠness and uplift resistance. The multi-belled piles of Case 4, with the longer distance between two projections, had the highest uplift resistance of all the cases. Comparing the series using the circular and the cluster disks, the uplift resistance of the straight piles was almost the same for both series. The uplift resistance of the belled pile in the cluster disks was larger than that in the circular disks. Thus, it was found that the eŠects of the projections in belled and multi-belled piles largely depend on the mechanical properties of the soil. Figures 16(a), (b) , (c), and (d) show theˆnal ground deformation at the vertical displacement of 500 mm in the series using the cluster disks. It is found from thesê gures that the ground deformation was very small in all cases, and that no remarkable failure line was observed. In the cases of belled and multi-belled piles, the ground deformation was slightly induced in the limited area adjacent to the projections. The ground deformation in the series using the circular disks was also small and similar to that in the series using the cluster disks. The 10-times displacement vectors of the soil movements at the uplift displacement of 250 mm are illustrated in Figs. 17 and 18. The circles in Figs. 17 and 18 indicate the initial positions of some disks, while the curves show the displacement vectors of the soil movements. It was found that the soil movements in the straight pile were very small and were limited in the closed area around the pile. The soil movements in the cases of the belled and multi-belled piles were larger than that in the case of the straight pile, and the areas where large movements were induced were wider. In addition, the soil movements in the series using the cluster disks with the large friction angle became larger than that in the other series. With respect to the behavior of the soil movements in the cases of the belled and multi-belled piles, it was observed that the soil movements around the projections were larger than those around the shaft in all the cases. The soil adjacent to the projectionsˆrstly moved in an upward direction, and then gradually inclined in a horizontal direction with the increase in uplift displacement. It was also observed that the soil mass with the shape of a reverse triangle moved as a body in the area adjacent to the projections, and that the soil movements in that area were not fully transmitted to the upper layer. Figures 19 and 20 show the distributions of vertical and horizontal stress at the vertical displacement of 250 mm in the series using the cluster disks. The concentration of vertical and horizontal stress, due to the loadbearing eŠect, was seen in the limited area adjacent to the projections. In addition, compressive and shear deformation, due to the load-bearing eŠect, was intensively induced in the area where vertical and horizontal stress was 
UPLIFT CAPACITY OF BELLED AND MULTI-BELLED PILES UNDER TWO-DIMENSIONAL CONDITIONS
In this chapter, the ultimate uplift resistance of belled and multi-belled piles under two-dimensional conditions is evaluated by the upper bound limit analysis based on the soil movements in the DE analysis. The uplift capacity in actual piles under axisymmetric conditions will be discussed in the next chapter. Figure 21 shows the mechanism of the plastic collapse around the projections of the belled and multi-belled piles. The plastic collapse can reproduce the phenomenon whereby soil adjacent to the projections moves vertically as a body and then leans slightly, and that the soil movements are not fully transmitted to the upper layer in Figs. 17 and 18. In Fig. 21 , P is the ultimate uplift resistance, pa and pb are the overburden pressures on lines AD and DC, D1 and D2 are the diameters of the shaft and the projection, H and u are the height and the inclination of the upper slope in the projection, a is the direction of the soil movements in blocks ABD and BCD, c and q are the cohesion and the friction angle of the soil, c is the dilatancy angle of the soil that is assumed to equal friction angle q, d is the friction angle on the slope in the projection, which depends on the roughness of the pile surface and loosening during the excavation, dv0, dwa, and dwb are the displacement vectors of the pile, block ABD, and block BCD, and dwa0 is the relative displacement vector on line AB.
The displacement vectors in Fig. 21 (b) must satisfy the following equations:
where dwba is the relative displacement on line BD, which was observed in the tests on an anchor plate after failure line BC developed (Kanatani et al., 1973) . However, it was derived from a comparison of several failure mechanisms that the uplift capacity became the lowest value at the relative displacement of dwba＝0. The external loads in Fig. 21(a) represent the gravity acting on blocks ABD and BCD and the overburden pressure on lines AD and DC. They are calculated by Eqs. (2) and (3).
PA＝paH tan u, PB＝pbH/tan (a-q)
where g is the unit weight of the soil, W a and W b are the weight in blocks ABD and BCD, and Pa and Pb are the overburden forces that are calculated by integrating the overburden pressure on lines AD and DC. The increment of work done by the external loads is expressed as Eq. (4).
The work done by the internal stress is calculated on lines AB and BC. Now, the dilatancy angle is assumed to equal the friction angle. The increment in work done by the internal stress is due to cohesion, and it is expressed as follows:
DE＝c･H/cos u･dwa0 cos d＋c･H/sin (a-q)･dwb cos q
From the theory of the upper bound method, the increment in work done by the external load and the internal stress are equal.
DW＝DE (6)
The ultimate uplift resistance is calculated by substituting Eqs. (1a)-(1d) into Eq. (6). It is expressed as Eq. (7a), namely,
The uplift capacity is obtained by searching for the angle of a to minimize the uplift resistance. Using the friction angle of 289in the aggregates for the circular disks, the friction angle of 8.49between the disks and the pile surface and the unit weight of 15.5 kN/m 3 in Table 2 , the uplift capacity of a belled pile is about 1508 kN/m ( see Fig. 14) , which includes the piles' self-weight of about 425 kN/m. For the cluster disks, the uplift capacity of 1931 kN/m was obtained from the friction angle of 379in the aggregates, the friction angle of 129on the pile surface, and the unit weight of 15.5 kN/m 3 . The angles of a, applied to minimize the uplift resistance in the models using the circular and the cluster disks, are 80.49and 84.19 , respectively.
The uplift capacity of the belled piles is actually composed of the skin friction on the shaft and the bearing force on the slope at the bell. It is di‹cult to exactly estimate the skin friction. The skin friction causes a reduction in the overburden forces on lines AD and DC in Fig.  21 . Therefore, evaluating the share of uplift resistance in the shaft and the bell is a complicated problem. However, the total uplift resistance of belled piles can be calculated simply from Eq. (7a) and the overburden forces that are obtained by computing the self-weight of the soil directly, since the skin friction on the shaft is in balance with the reduction in uplift resistance due to the decrease in overburden forces. Similarly, Dickin and Leung (1992) measured the uplift resistance in the shaft and the bell separately, and showed that the total uplift resistance correlated with the theoretical solutions for the anchor plates.
The uplift capacity of the multi-belled piles is obtained as the sum of the uplift resistance in each projection. Assuming that soil does not possess any cohesion and that the friction angle on the pile surface is adequately rough, for example, it is equivalent to that of soil, the direction of the soil movements, a in Fig. 21 , is always 909 . Consequently, Eq. (7a) is also expressed in the following:
The uplift capacity of each projection is determined by only the weight of the soil mass, which is similar to that of a horizontal anchor plate proposed by Kumar (2003) . Equation (7b) also suggests that the soil masses used to induce the uplift resistance are clearly separated in the upper and lower projections, as seen in Fig. 22 , because the soil mass above the upper projection is in balance with the uplift force in the upper projection and does not aŠect the ultimate uplift resistance in the lower projection. Figure 22 shows three failure mechanisms of the multibelled piles in a two-layer ground. The hatched areas in Fig. 22 indicate the soil mass resisting the uplift force. The shape of the soil mass in the hatched areas depends on the geometry of the piles and the friction angles in the soil and on the pile surface. When multi-belled piles with the same dimensions in the upper and lower projections are constructed in a homogeneous layer, as seen in Fig.  22(a) , the uplift capacity almost equals that of a belled pile without the upper projection. In other words, multibelled piles do not always increase the ultimate uplift resistance in comparison to belled piles. However, multibelled piles can make the stiŠness in uplift resistance larger than belled piles, for the uplift capacity in each projection is reduced by the share in the upper and lower projections, and the uplift displacement to reach the ultimate uplift resistance is also decreased, as seen in Figs. 14 and 15. Now, when the model ground in the DE analysis is regarded as a homogeneous one, the uplift capacities of the belled and the multi-belled piles are equal, as shown in Figs. 14 and 15. It can be seen that the proposed method by Eq. (7a) is in good agreement with the results of the DE analysis. However, the belled pile of Case 2 and the multi-belled piles with the longer distance between two projections in Case 4 exceeded the upper limit value of Eq. (7a) in the large uplift displacement. The reason is that the soil movements in Figs. 17 and 18 were induced in the outer area of block ABC in Fig. 21 with the large uplift displacement. Equation (7a) implies that the uplift capacity of belled and multi-belled piles is considerably in‰uenced by the friction angle on the pile surface. Figures 23 and 24 show the in‰uence of the friction angle on the pile surface in the uplift capacity and the direction of soil movements. With a decrease in the friction angle on the pile surface, the uplift capacity is decreased and the direction of the soil movements is inclined.
UPLIFT CAPACITY OF BELLED AND MULTI-BELLED PILES UNDER AXISYMMETRIC CONDITIONS
The theoretical solution for the uplift capacity in actual piles under axisymmetric conditions is derived by in- Fig. 25 . Comparison between the theoretical solution and pullout tests of a belled pile in centrifuge model tests conducted by Hirai et al. (2009) tegrating Eq. (7a) around the center axis of the piles in the following manner:
The weight of soil masses Wa and Wb are calculated by Eqs. (9) and (10).
Overburden forces Pa and Pb are obtained by Eqs. (11) and (12) .
( 1 1 )
( 1 2 ) SAB and SBC are the surface areas formed by rotating lines AB and BC around the center axis of the piles in Fig. 21 . They are expressed as follows:
2 /tan (a-q)t (14) Note that the direction of soil movements, a, to minimize Eq. (8) does not always satisfy the continuity condition: The vertical displacement on surface AC (Fig.  21) is determined by the change in volume due to dilatancy on failure surfaces SAB and SBC. Therefore, a new continuity equation was added to the theoretical solution for resolving the direction of the soil movements as Eq. (15), namely, Dn＝SAC･dwa･sin a-SAB･dwa0･sin d-SBC･dwb･sin q＝0 (15) where SAC is the surface area formed by rotating line AC around the center axis of the pile. It was calculated from the following equation:
( 1 6 ) Equation (15) is also expressed as Eq. (17) by using Eqs.
(1a)-(1d).
Dn＝SAC sin a-SAB cos a/sin (u＋d)･sin d-SBC sin q＝0 (17)
CASE STUDIES ON MODEL TESTS AND FULL-SCALE TESTS IN SITU
Case studies on the uplift capacity of belled and multibelled piles were conducted using centrifuge model tests and in situ axial tensile load tests. This chapter discusses the validity of the theoretical solution with the continuity equation that consists of Eqs. (8) and (17). The self-weight of the model pile was 753 kN in prototype scale and a maximum uplift resistance of 3610 kN was measured in the tests. In the computation of the theoretical uplift capacity, a friction angle of 409was given as the mechanical property of Toyoura sand. However, the friction angle on the pile surface, d, was unknown. Therefore, theoretical uplift capacities were computed by changing the friction angles on the pile surface. The results are illustrated in Fig.  25(b) with the measured uplift resistance. The directions of the soil movements are also shown in Fig. 25(b) . It is noted that the relationship between the direction of the soil movements and the friction angle on the pile is diŠer-ent from that of the piles under two-dimensional conditions ( see Fig. 24 ). In Fig. 25(b) , the black symbols show the uplift capacity and the direction of the soil movements obtained using half a friction angle of soil as the friction angle on the pile surface, d＝q/2. Using the relationship d＝q/2, the uplift capacity and the direction of the soil movements are 4072 kN and 65.89 , respectively. ing the upper steel pipe and the lower cast-in-place concrete pile. The self-weight of the pile was assumed to be 94 kN from the pile geometry. An uplift capacity of 4899 kN was measured from the axial tensile load tests. The friction angle of theˆne sand was estimated from the Nvalue using Eq. (18).
The uplift capacities and the directions of the soil movements are calculated against several friction angles on the pile surface with the friction angle of 499in soil and a wet unit weight of 17 kN/m 3 . The results are plotted in Fig.  26(b) . Using the relationship d＝q/2, the uplift capacity and the direction of the soil movements are 5181 kN and 72.29 , respectively, which are illustrated as black symbols in Fig. 26(b) . Incidentally, the submerged unit weight should generally be used instead of the wet unit weight for soil under the water surface, because the buoyancy force must be considered in calculating the work done by external loads in Eq. (4). However, the theoretical solution using the submerged unit weight of the soil considerably underestimated the uplift capacity. The reason for this might be that the hydrostatic conditions in soil are not always maintained during conventional axial tensile load tests due to stress control. The uplift displacement of piles actually goes on to increase under a constant load when the tensile load comes up to the uplift capacity. It cannot be said that drained conditions are fully satisˆed in the ground. However, there is insu‹cient data to prove this. A study on this topic is expected to be done in the future.
Case 3: In situ axial tensile load tests on a belled pile Axial tensile load tests on a belled pile with an inclination of 9.29 at the upper slope were conducted by Figure 27 (a) shows the schematic diagram of the belled pile and the N-value in the ground. There was no information about the water level. The base of the pile was embedded in denseˆne sand with an average N-value of 31. The self-weight of the pile was estimated to be 354 kN from the pile geometry. An uplift capacity of 8300 kN was measured from the axial tensile load tests. A wet unit weight of 17.5 kN/m 3 and a friction angle of 409in theˆn e sand were used to calculate the uplift capacities and the directions of the soil movements. Figure 27(b) shows the calculated uplift capacities and the directions of the soil movements against several friction angles on the pile surface. The uplift capacity and the direction of the soil movements using the relationship d＝q/2 were 7387 kN and 62.59 , respectively, which are illustrated as black symbols in Fig. 27(b) . ment with them. 7. It was quantitatively revealed from the theoretical solution that the uplift capacity of belled and multibelled piles was intensively in‰uenced by the friction angle on the slope of the projections. The uplift capacities in the in situ axial tensile load tests are appropriately estimated using half the frictional angle of soil as the friction angle on the pile surface. The authors showed the validity of the theoretical solution by comparing it with the uplift capacity of belled and multi-belled piles in several axial tensile load tests. However, the authors caution that the use of the solution for a design must be done with care, because the friction angle on the pile surface is intensively in‰uenced by the construction process, namely, the type of buckets, the drilling slurry, and the looseness in the ground during the excavation, which all sensitively aŠect the uplift capacity of belled and multi-belled piles. Therefore, it is recommended that the friction angle on the pile surface be carefully evaluated from axial tensile load tests of the piles that are constructed by exact execution controls.
